Abstract
the retina, non-cell autonomously for these effects, suggesting an additional layer of 48 complexity in the signaling process that produces paired expression of opsin genes in adjacent 49 R7 and R8 photoreceptor cells. 50
Author Summary

51
As humans, our ability to distinguish different colors is dependent upon the presence of three 52 different types of cone cell neurons in the retina of the eye. The cone cells express blue, green 53 or red absorbing visual pigments that detect and discriminate between these colors. The 54 principle of color discrimination by neurons "tuned" to different colors is an evolutionarily 55
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66
Color vision in humans and most other organisms is dependent upon the expression of 67 spectrally distinct visual pigments (opsins) in different photoreceptor cells [1] [2] [3] . The 68 organization of photoreceptor cells within the retinal mosaic reflects a variety of different 69 developmental mechanisms, including regional specialization, stochastic, and precise cell-cell 70 adjacency [4] . D. melanogaster is capable of color vision and is a useful experimental system 71 for examining the developmental programs that produce photoreceptor cells having different 72 color sensitivities [5] [6] [7] [8] [9] [10] [11] [12] . The compound eye consists of ~800 ommatidia, each containing eight 73 rhabdomeric photoreceptor cells (R cells). The central R7 and R8 photoreceptor cells mediate 74 polarization sensitivity and color vision [13, 14] . As shown in Fig 1, the majority of ommatidia 75 contain matched pairs of R7 and R8 cells expressing specific rhodopsin (Rh) visual pigments, 76
either Rhodopsin 3 (Rh3, FBgn0003249) and Rhodopsin 5 (Rh5, FBgn0014019) (tandem 77 magenta-blue cylinders), or Rhodopsin 4 (Rh4, FBgn0003250) and Rhodopsin 6 (Rh6, 78
FBgn0019940) (tandem yellow-green cylinders). 79
These two main ommatidial subtypes were initially identified based on pale or yellow 80 fluorescence when illuminated with blue light [15, 16] , with pale (pR7/pR8) expressing 81 Rh3/Rh5, while yellow (yR7/yR8) cell pairs express Rh4/Rh6 (Fig 1) [10, 11, 17] . This paired 82 expression of opsin genes in adjacent R7 and R8 cells within an individual ommatidium is 83 thought to result from a series of developmental steps. First, a subset of R7 cells stochastically 84 and cell autonomously express spineless (ss, FBgn0003513) which represses Rh3 and 85 induces Rh4 expression [18] . In pR7 cells that stochastically fail to express ss and do express 86
Rh3, a signal is initiated that induces the expression of Rh5 in adjacent pR8 cells. Extensive 87 studies have identified the genes warts (wts, FBgn0011739), melted (melt, FBgn0023001), 88 members of the hippo (hpo, FBgn0261456) pathway, along with the TGF superfamily 89 receptors baboon (babo, FBgn0011300) and thick vein (tkv, FBgn0003726), and their 90 respective ligands as components of the inductive signal from pR7 that drives the expression 91 of Rh5 in pR8 [12, [19] [20] [21] . In the absence of a signal from yR7, the default yR8 fate and 92 expression of Rh6 occurs. In addition, we have found that the Epidermal growth factor receptor 93 (Egfr, FBgn0003731) and rhomboid (rho, FBgn0004635) are also required for this process [22, 94
23]. 95
Here we undertook a genetic screen to identify additional genes required for this 96 process and show that hibris (hbs, FBgn0029082), an irre Cell Recognition Molecule (IRM) 97
[24], NPHS1 (nephrin, Homo sapiens, HGNC:9801) related member of the Immunoglobulin 98
Super Family (IgSF), as well as Notch (N, FBgn0004647) are required for the establishment of 99 paired opsin expression in adjacent R7 and R8 photoreceptor cells. Interestingly, we found that 100 hbs is required non-cell autonomously for this process, suggesting the involvement of 101 additional interactions between R7, R8 and neighboring cells. 102 
130
To isolate the gene responsible for the a69 phenotype, the location of the P-element 131 insertion in a69 was determined and found to map to the right arm of the second chromosome 132 at position 60E (data not shown). To determine whether the P-element in a69 is the cause of 133 the phenotype, P-element excision lines were generated and analyzed. Thirty-five 134 homozygous strains of these excision chromosomes were analyzed by staining dissociated 135 ommatidia with antibodies against Rh5 and Rh6, and all of them (100%) were found to have a 136 low Rh5 percentage, similar to that of a69 (data not shown). Only 1% of excision strains would 137 be expected to retain the mutant phenotype as a result of imprecise excision, thus our inability 138 to revert the mutant phenotype is consistent with the a69 P-element not being responsible for 139 the mutation [26] . Furthermore, mapping via recombination analysis revealed that the a69 140 mutation is localized to the interval between the purple (pr, FBgn0003141) and curved (c, 141
FBgn0000245) genes in the middle the second chromosome (Fig 3, S 1 Table) , far away from 142 the P-element insertion site in a69. From this we conclude that the a69 mutation is not 143 associated with the insertion of the P-element. Thirty-three deficiency lines located in the 144 region between pr and c were tested for a69 complementation (Fig 4, S 2 Table) . These 145 analyses narrowed the location of the a69 mutation to 51C3-51D1 (Fig 4) . The lower portion of 146 To identify the gene specifically in the a69 mutation, we took two approaches. First, a 149 subset of genes were examined for alterations in expression in the a69 mutant, and second, a 150 large series of complementation studies were performed with alleles of known mutants in the 151 region. cDNAs from 5 genes in the region were obtained and in-situ hybridization of third instar 152 larval eye imaginal discs was performed on cn 1 bw 1 (wild-type) and a69 mutants. In each case 153 the expression pattern of the gene was not substantially disrupted in a69 mutants, suggesting 154 that the phenotype is not due to the disruption of patterned mRNA expression of these genes 155 in the 3rd instar eye-antennal disc. (Fig 5) . hibris (hbs) was expressed strongly in the 156 morphogenetic furrow and maintained weakly posteriorly, consistent with a previous report 157
[27]. It was also expressed in the ocellar region and in the developing antenna. parcas (pcs, 158
FBgn0033988) was expressed strongly in the morphogenetic furrow and in the antenna. 159 CG10265 (FBgn0033990) did not appear to be expressed in either the eye or antennal 160 regions. CG7639 (FBgn0033989) appeared to be weakly expressed in the region anterior to 161 the morphogenetic furrow. caskin (ckn, FBgn0033987) was expressed anterior to the furrow 162 and in the antenna. 163
We characterized Rh5 and Rh6 expression in animals heterozygous for a69 and alleles 164 To examine the function of hbs in Rh5 and Rh6 expression in R7 and R8 photoreceptor 199 cell patterning, we examined an additional allele of hbs in mosaic flies. We used the ey-FLP 200 driver to generate homozygous mutant clones in the retina and optic lobes of animals that 201 were heterozygous for hbs 1130 . We used a cell autonomous lethal to generate large 202 homozygous mutant clones and eliminate homozygous wildtype tissue, as described [29] . 
expression. 218
Overexpression of hibris is sufficient to disrupt R7 and R8 cell differentiation. 219
To determine whether ectopic expression of hbs is sufficient to induce the expression of 220 Rh5 in R8 photoreceptor cells, we over-expressed hbs using the GAL4-UAS system [32] and 221 the P{GAL4-ninaE.GMR} driver (FBtp0001315). shows that removal of R7 cells leads to a dramatic reduction but not elimination of Rh5 229 expression. These results suggest that the ability of overexpressed hbs to induce Rh5 230 expression in R8 cells is primarily or partially R7 photoreceptor cell independent. 231 hibris is required non-cell autonomously for R7 and R8 cell differentiation. 232
To determine whether hbs is required cell-autonomously in the R7 and/or R8 233 photoreceptor cells to enable normal paired expression of Rh3 and Rh5, we generated smaller 234 hbs 66 mutant clones in a heterozygous background as previously described [22] . Cells that are 235 either wild type or heterozygous express a myristoylated, membrane associated GFP 236 (myr.GFP, P{GMR-myr.GFP}, FBtp0017435), whereas cells that are homozygous mutant for 237 hbs do not express myr.GFP [33] . We dissociated ommatidia from animals constructed in this 238 manner and counted the expression of Rh5 versus Rh6 in ommatidia that expressed Rh3 in 239 the R7 cell and in which the genotype of the R7 and R8 cells could be scored. Immunohistochemistry 307 10m cryosections were prepared and treated as previously described [11] . Dissociated 308 ommatidia were prepared from six animals. Eyes were cut from heads using 28 gauge needles 309 Inc., Thornwood, NY) or by confocal microscopy using a Zeiss Pascal LSM (Carl Zeiss, Inc.) or 324
Genotypes of Animals Shown in Figures 286
Leica TCS SP5 (Leica Microsystems Inc., Buffalo Grove, IL). 325
326
Statistical Analysis 327
Comparisons of the proportions (percentages) of opsin expression in different genetic 328 backgrounds were performed with a z-score and are shown in Table 1 and Table 2 [ 
RNA in situ hybridization 338
Eye-antennal imaginal discs from third instar larvae were dissected in PBS, fixed in 339 50mM EGTA / 4% formaldehyde in PBS, rinsed in methanol, and stored in ethanol at -20. 340
Discs were treated with ethanol/xylene (1:1), rinsed with ethanol, post-fixed in 5% 341 formaldehyde in PBS plus 0.1% Tween (PBT), washed with PBT, and digested with Proteinase 342 K (5 g/ml). Tissue was post-fixed again and pre-hybridized in hybridization buffer (50% 343 deionized formamide, 5XSSC, 1 mg/ml glycogen, 100 g/ml salmon sperm DNA, 0.1% Tween) 344 at 48C. Discs were hybridized overnight at 55C with 2 l digoxigenin-labeled antisense RNA 345 probe in 100 l hybridization buffer. Probes were prepared from cDNA clones D1 [50] , 346 GH09755 (FBcl0125531), GM02985 (FBcl014202), LD18146 (FBcl0156485), LP09461 347 (Fbcl0187603) of genes hbs, pcs, CG10265, CG7639 and ckn, respectively. The hybridized 348 imaginal discs were washed extensively with hybridization buffer at 55C followed by PBT 349 washes at room temperature. Discs were incubated with alkaline phosphatase-conjugated anti-350 (Fig 8) . However, in mosaic 387 animals in which the R7 or R8 cells may be mutant or heterozygous in a mixed genotype 388 environment, we find that hbs appears to have both cell autonomous and non-cell-autonomous 389 effects. Specifically, ommatidia that carry R7 and R8 cells that are genotypically homozygous 390 mutant are significantly more likely to show Rh3-Rh6 expression mispairing (Fig 10C, p<10 -15 ). 391
By contrast, in mosaic animals in which both the R7 and R8 cell of an individual ommatidium 392 are heterozygous or homozygous wildtype, there is still a substantial reduction in Rh5 393 expression in R8 cells and a statistically significant (Fig 10C, p=5.2x10 -9 ) increase in Rh3-Rh6 394 expression mispairing. This reflects a classic non-cell autonomous effect. photoreceptor cells even in the absence of R7 cells (Fig 9B) . While the number of R8 cells 406 expressing Rh5 is far higher than in sev mutants alone [10, 11, 22, 23] , ectopic expression of 407 hbs in this experiment is not sufficient to induce Rh5 expression in all R8 photoreceptor cells. 408 Therefore, hbs does not play a strictly instructive role in this process. 409
As a potentially permissive regulator of R8 photoreceptor cell differentiation, hbs may 410 play a role in establishing the architecture of the developing eye. Perhaps loss of hbs in 411 mosaic or fully mutant animals disrupts cellular contacts that mediate signaling between R7 412 and R8. There is ample evidence for disruption of cone and pigment cell differentiation and eye 413 roughening in hbs mutants [57, 58] . Furthermore, hbs and its binding partner roughest (rst) are 414 known to have effects on axon guidance and synapse formation in the optic lobes [59] [60] [61] [62] . 415
Perhaps interactions within the lamina or medulla are responsible for some aspect of inductive 416 signaling and expression of Rh5 in pR8. Finally, perhaps the loss of Rh5 expression in the hbs 417 mutant eye reflects an inability to respond to the inductive signal, a loss of competence [63] . 418
We previously suggested that rhomboid (rho, FBgn000463) and the Epidermal growth factor 419 receptor (Egfr, FBgn0003731) may play a role in establishing competence of the R8 cell [22] . 420
In these studies, we showed that rho is required for the induction of Rh5 expression in R8 421 photoreceptor cells, but like hbs, when rho is lost in mosaic retinas but the R7 and R8 cells of 422 an individual ommatidia are wild type or heterozygous, there remains a dramatic effect on 423 induction of Rh5 expression. Furthermore, loss of Egfr was also found to reduce the induction 424 of Rh5 expression and also affect the proportion of pR7 and yR7 cells. These findings suggest 425 that hbs likely plays a permissive, non-cell autonomous role in R7 and R8 differentiation. Stocks obtained from the Bloomington Drosophila Stock Center (NIH P40OD018537) were 450 also used in this study. We thank Natalia Toledo Melendez for technical assistance, John 451 
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